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Abstract The influence of grain boundaries and fine
precipitation on the corrosion behavior was investigated in
two model aluminum–lithium alloys, namely (in wt%)
Al–1.6Li (lithium in a solid solution) and Al–2.3Li (lithium
in the form of Al3Li precipitation), subjected to three dif-
ferent severe plastic deformation (SPD) treatments which
refined the microstructure of the alloys to the ultrafine grain
size. The SPD techniques used in the experiments were
equal channel angular pressing (ECAP), hydrostatic
extrusion (HE), and extrusion-torsion (ET). The corrosion
behavior was examined using a potentiodynamic polari-
zation test, electrochemical impedance spectroscopy, and
an immersion test followed by a SEM surface analysis. The
electrochemical tests were conducted in a 0.1 M Na2SO4
solution added with 100 ppm of Cl-. The immersion tests
(48 h) were performed in a 3.5% NaCl solution at room
temperature. The results indicate that the pitting potential,
pit number, and stability of the passive layer formed on the
surface of the substrates undergo changes depending on the
average grain size and the presence of precipitation or its
lack. The corrosion resistance, examined in the solution
mentioned above, appears to increase with decreasing
average grain size. The ET method gave the microstructure
with the lowest corrosion resistance.
Introduction
Severe plastic deformation (SPD) is one of the processes
which allow producing ultrafine-grained and nanocrystal-
line materials. At the present, a wide range of SPD methods
are available, including equal-channel angular pressing
(ECAP) [1–5], accumulative roll-bonding (ARB) [6–8],
hydrostatic extrusion (HE) [9–12], extrusion-torsion (ET)
[13, 14], among many others [15–17]. The properties of
SPD-processed materials differ greatly from those of their
conventional coarse-grained counterparts. The mechanical
properties [18–20], thermal stability [21–23], and magnetic
[24, 25] properties of these materials have already been
extensively investigated. However, especially when possi-
ble industrial applications are considered, the important
parameter which should be taken into account is the cor-
rosion resistance. The lack of knowledge of the corrosion
mechanisms which operate in SPD-treated materials can
limit their future use, whereas the available data are still
scarce. A lot of investigations have experimented with
materials such as steel [26, 27], copper [28], or nickel [29],
but the SPD methods have only recently been used for
processing Al–Li alloys and, thus far, a few reports on their
corrosion resistance in the passive state after SPD have been
published. However, there are many articles about corrosion
behavior of other aluminum alloys after SPD [30–35].
Aluminum alloys belong to the group of most important
and widely used materials. In many applications their high
mechanical strength and low density are essential so that
they replace other conventional materials. Moreover, alu-
minum alloys are easy to recycle, have good formability
and a relatively good corrosion resistance, the latter being
due to their passivation capabilities and to the presence of a
dense oxide layer which forms within a wide range of
environment pH (4.5–8).
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In this study, the pitting corrosion resistance of two
models, aluminum alloys were examined in the solutions
enriched with chloride ions (Cl-). The examination meth-
ods included electrochemical methods and an immersion
test followed by a surface- and quantitative-analysis of the
pits.
Experimental
Materials and deformation methods
In order to reduce the number of the metallurgical and
microstructural parameters that affect the results and could
make them difficult to interpret, two-model Al–Li alloys,
Al–1.6wt%Li, and Al–2.3wt%Li were selected for the
experiments. These alloys allow us to examine the effect, on
the corrosion behavior, of the fine precipitation of the d0
phase (Al3Li) which takes place in the Al–2.3wt%Li alloy
and compare it with that observed in single-phased Al–
1.6wt%Li. In the HE method, the material in the extrusion
container is surrounded by a pressure medium. During the
extrusion, the piston compresses the pressure medium until
the extrusion is completed. In ECAP, the sample is subjected
to four ECAP passes and, after each pass, it is rotated by 90
around its longitudinal axis (Bc route) [36]. The ET method,
on the other hand, consists of changing the deformation path
so that the strain-hardening rate is reduced due to deforma-
tion localization. In the case of ET the rotation of the die
introduces an additional deformation path. In the present
experiments, the Al–1.6wt%Li samples in the form of rods
with the initial diameter [ = 26 mm were subjected to
plastic deformation up to e = 4.2 using the ECAP method
and to e = 3.8 in HE. The Al–2.3wt%Li samples were also
ECAP deformed to e = 4.2, whereas in HE the rod-shaped
samples had diameter [ = 10 mm and were extruded to
[ = 3 mm which gave e = 2.8. No strain values were
determined in the ET experiments since in this case it is very
difficult to estimate the cumulated strain.
Sample preparation
All the samples were cut by spark machining, perpendic-
ularly to the extrusion direction (HE and ET) or to the
X-plane (ECAP) (Fig. 1) so as to form rods with the
diameter [ = 3 mm (surface area—7.1 mm2).
The samples for corrosion investigations were embedded
in a non-conductive acrylic epoxy and cured in air for 24 h.
The electrochemical experiments were carried out using
samples ground with a silicon–carbide paper (600- and
1200-grit). Another series of samples were prepared for the
immersion test and these, after grinding, were additionally
polished using a diamond suspension (3 and 1 lm).
Corrosive environment
The electrochemical experiments were performed using a
0.1 M sodium sulfate (Na2SO4) solution with 100 ppm of
Cl- which enhance pitting corrosion [37, 38]. An addition
of sulfate ions inhibits the incorporation of Cl- into the
oxide film due to their competitive adsorption and makes
this solution the optimum choice for investigating the
passivation and the pitting corrosion resistance of alumi-
num alloys in the passive state [39, 40]. In the immersion
test, a 3.5% sodium chloride (NaCl) solution was used so
as to simulate sea water. The exposure time was 48 h. All
the tests were carried out at room temperature.
Investigation methods
The alloy microstructures were examined using transmis-
sion electron microscopes (TEM) Phillips 300 and JEOL
1200 with accelerating voltages of 100 and 120 kV,
respectively. The mean grain sizes (deq defined as the
diameter of a circle which has the surface area equal to the
surface area of a given grain) were determined by TEM for
at least 200 randomly selected grains.
Both the potentiodynamic and the impendence methods
were conducted using the AutoLab PGSTAT 100 apparatus
with a three-electrode system in which a saturated calomel
electrode (SCE) was the reference and a platinum electrode
was the counter electrode. In the impendance measure-
ments the frequency ranged from 104 to 10-2 Hz and the
sinusoidal signal amplitude was 10 mV. The impedance
spectra obtained were analyzed using an R{Q[R(RQ)]}
equivalent circuit and a Baukamp’s EQUIVCRT software.
Prior to the test, all the samples were left in the solution for
600 s at the open-circuit potential. The potentiodynamic
tests were carried out by applying, in the anodic direction, a
continuously varying potential of 0.2 mV/s. To insure
reproducibility, at least two replicates were run for each
sample. If the results were identical (it was in the case of
the Al–2.3Li alloy after HE and ET and Al–1.6Li alloy
after HE) two potentiodynamic measurements were carried
Fig. 1 X, Y, Z planes in the sample during ECAP
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out. In other cases, the corrosion tests were carried out on
three or four samples.
The surface analysis of the samples after the immersion
test was performed in a scanning electron microscope
(SEM) HITACHI 3500. For each sample nine photographs
with a magnification of 3009, were taken. The combined
surface areas of photographs were 1.035 mm2. The photos
were further analyzed by a MicroMeter image analyzing
software [41].
Results and discussion
Extrusion-torsion yields the largest grains, especially in
the Al–1.6Li alloy (Fig. 2c). This is because of the
recovery processes which proceed very intensively during
this process. Dynamic recovery occurs easily during alu-
minum deformation at room temperature due to the high
stack fault energy. The severe strain induced in the
material provides enough energy for the dislocations to
move from the interior of the grains to the vicinity of the
grain boundaries. Moreover, in view of the lack of d’
precipitates in Al–1.6Li, the grain growth may be effec-
tively restrained.
In Al–2.3Li, ET also produces the largest grains
(Fig. 2f), but the difference between this method and the
other SPD methods is greatly diminished due to the pres-
ence of fine d’ precipitates. ECAP allows producing the
smallest grains (Table 1), but the microstructure is non-
uniform [21]. The SAD pattern shows a diffused ring
(Fig. 2e) indicating large misorientation with respect to the
non-equilibrium grain which may be due to the dislocations
accumulated in great numbers at the grain boundaries. This
relatively high dislocation level indicates that residual
stress is high. Hydrostatic extrusion gives microstructures
similar to those obtained by ECAP, but more uniform
(Fig. 2a, d). The accumulated strain in ECAP samples
(e = 4.2) is also higher than that induced by HE (e = 3.8
for Al–1.6Li and e = 2.8 for Al–2.3Li). In ET, the calcu-
lation of strain is, as mentioned before, very difficult.
Fig. 2 TEM photographs of the
Al–1.6Li a–c and Al–2.3Li
d–f microstructures obtained by
three different SPD methods
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The potentiodynamic polarization curves obtained for
Al–1.6Li and Al–2.3Li in a 0.1 M Na2SO4 solution with
100 ppm Cl- are shown in Figs. 3 and 4. All the samples
are passivated in this solution and undergo pitting
corrosion.
The resistance to pitting corrosion can be described in
terms of the pitting potential (Enp) above which the pits
grow in a stable way. With the highest values of Enp the
corrosion resistance of the specimen is the best. HE-treated
Al–1.6Li has a pitting potential of -50 mVSCE whereas Al–
2.3Li deformed by the same method has 70 mVSCE. The
pitting potentials of ECAPed samples are -110 mVSCE and
-120 mVSCE for the Al–1.6Li and Al–2.3Li, respectively.
The lowest resistance to pitting corrosion was found in
the specimens subjected to ET in which Enp was equal to
-140 mVSCE and -220 mVSCE in Al–1.6Li and Al–2.3Li,
respectively.
The samples were also examined by electrochemical
impedance spectroscopy (EIS). The spectra in the form of
the Bode plots are shown in Fig. 5.
An equivalent circuit with two time constants was used
to analyze the results (Fig. 6).
The resistance to pitting corrosion was determined as the
resistance (R1) of the inner oxide layer (the main peak on
the Bode spectra) whereas the resistance of the diffusion
layer (R2) was neglected. All the spectra have similar
shapes which indicate that the electrochemical behavior is
the same, but in Fig. 5c additional peaks occur. With both
the alloys, HE-treated specimens have the highest resis-
tance whereas in the specimens treated by the two other
SPD methods the resistance is evidently lower (Table 2).
The EIS results are in good correlation with those
obtained from potentiodynamic polarization except that
ECAP-treated Al–2.3Li has a lower resistance than the
same alloy after ET. Without however information about
the cumulated strain in ET it is difficult to explain why this
is so. The better corrosion resistance of Al–1.6Li alloy with
smaller grain size is connected with higher density of grain
boundaries and dislocations inside grains. This causes the
drive system to achieve energy equilibrium state through
fast passivation of surface and homogeneous corrosion.
The formation of oxide layer on surface is easier in case of
sample with ultrafine grain size because of higher energies
stored in the non-equilibrium grain boundaries and high
internal stress generated during SPD. The high fraction of
oxide layer occurs rapidly resulting in lower corrosion rate
for alloy with smaller grain sizes. The results of the present
study agree well compared with [42], where the ARB
refinement of grain size in Al–Mn aluminum alloy was
analyzed. The large volume of non-equilibrium grain
boundaries and high stresses inside the grains results in
passive layer. The surface oxide layers of ultrafine-grained
sample are more and uniform in comparison with its
coarse-grained counterpart.
The results of the surface analysis and quantitative
analysis of the pits give evidence that fine precipitation
Table 1 Average grain size deq in the investigated alloys after SPD
Alloy Deformation Section deq (lm)
Al–1.6Li ECAP X-plane 0.33
HE Perpendicular 0.47
ET Perpendicular 1.5
Al–2.3Li ECAP X-plane 0.32
HE Perpendicular 0.39
ET Perpendicular 0.47
Fig. 3 Potentiodynamic polarization curves obtained for Al–1.6Li in
0.1 M Na2SO4 solution with 100 ppm Cl
-
Fig. 4 Potentiodynamic polarization curves obtained for Al–2.3Li in
0.1 M Na2SO4 solution with 100 ppm Cl
-
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affects the corrosion resistance. Examples of the pits can be
seen in Fig. 7.
The number of pits is much greater in Al–2.3Li than in
Al–1.6Li (Fig. 8). Moreover, in Al–1.6Li, where the dif-
ferences in the average grain size vary from 0.33 lm
(ECAP) through 0.47 lm (HE) to 1.5 lm (ET), the number
of pits decreases with increasing average grain size. The
natural oxide layer on aluminum alloys generally hinders
the inherently active behavior of this metal. In case of
solution containing Cl-, which are the most common
aggressive ions initiating pitting corrosion, proceed rapid
increase of the current density at a certain potential. Hence,
it can be concluded that the pitting corrosion resistance is
increased by decreases of grain size.
With Al–2.3Li it is difficult to draw a conclusion since
all the treatments give similar grain sizes. However, the
number of pits may be lower in ECAP-treated samples,
Fig. 5 Impedance spectra
obtained for Al–1.6Li (a–c)
and Al–2.3Li (d–f)
Fig. 6 Equivalent circuit R{Q[R(RQ)]}. Rs resistance of the solu-
tion, R1 resistance of the porous layer, R2 charge transfer resistance
through the double layer, Q1 capacitance of the intact layer, Q2
capacitance of the double layer
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whereas the number of larger pits (Fig. 9) seems to be
greater in HE and ET-treated samples because of the coa-
lescence and because smaller pits overlap and, in the cal-
culations, were regarded as a single pit with a larger
surface area.
It is important to remember that, depending on the
properties of the oxide layer, the pits can be repassivated
and, thus, the results obtained from the immersion test,
even though they could seem to contradict the electro-
chemical results, only give information on the probability
Table 2 Comparative results of the impedance measurement tests
Parameter Material
Al–1.6Li ECAP Al–1.6Li HE Al–1.6Li ET Al–2.3Li ECAP Al–2.3Li HE Al–2.3Li ET
Resistance R1 (X/cm2) 62,300 93,100 17,164 21,700 123,130 39,270
Capacitance Q1 (F/cm2) 1.83E-06 1.97E-06 1.86E-06 1.86E-06 2.43E-06 4.14E-07
n1 0.87 0.87 0.88 0.88 0.91 0.82
Fig. 7 Examples of pits formed
after 48 h exposure in a 3.5%
NaCl solution
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of pit formation. The resistance of the oxide layer controls
the behavior of the pits and their growth.
Conclusions
Grain size reduction proved to increase dramatically
mechanical properties of materials such as hardness and
tensile strength, however, its influence on the corrosion
behavior of ultrafine-grained and nanocrystalline materials
is still not well established. Recently there has been an
increasing interest in researching this topic further to pro-
vide an understanding of the processes and mechanisms
involved in corrosion of materials with greatly reduced
grain size. In fact two counteracting phenomenon can be
described when material is in active state. One of them is
increased reactivity, therefore increased corrosion rate and
the second one is higher chemical homogeneity and more
uniform distribution of inclusions, which decrease rate of
corrosion reactions. One of the things that are certain is a
fact that after SPD methods the microstructure has a high
density of defects. They are referred to as coordinatively
unsaturated sites and are anticipated to have higher
adsorption energy because of their lower than normal
coordination. Also sites having lower coordination are
formed by the grain boundaries. The surface fraction of
grain boundaries (and to some extent triple junctions as
well) is substantially elevated in ultra fine grained and
nanocrystalline materials compared to coarse-grained.
Therefore, it is considered to be direct cause of increased
electrocatalytic activity in these materials. Huge density of
defects and grain boundaries is a key factor increasing
diffusion and passivation state. After SPD processing a
decrease in size of inclusions and precipitates can be
observed [40] accompanied by their dissolution in some
aluminum alloys. It results in more uniform distribution of
inclusions in the matrix compared to coarse-grained
materials. Moreover formation of supersaturated solid
solutions and metastable phases can take place increasing
corrosion resistance. Nanocrystalline materials can be even
single-phased despite the fact, that in when at the equi-
librium phase diagram they crystallize into multiphase
system [43]. Higher chemical homogeneity leads to
decrease of the reactions rate in the corrosion cells at the
surface. When that is the case, then partial corrosion
reactions happen at lower rate thus limiting and making
corrosion more uniform on the surface.
The pitting corrosion resistance of two models alumi-
num alloys (Al–1.6Li and Al–2.3Li) subjected to three
different deformation processes (HE, ECAP, and ET) was
examined. Electrochemical tests have shown that, in both
model alloys, HE gives the highest pitting corrosion
resistance whereas ET gives the lowest resistance. The
results of the potentiodynamic test show that the highest
value of the pitting potentials (Enp) and, thus, the most
durable passive layer, was achieved with HE. Moreover, as
shown by EIS, the inner oxide layer formed by HE had the
highest pitting resistance R1 and was most stable. In
Al–1.6Li, the least stable oxide layer was that formed by
ET, whereas in Al–2.3Li, it was that formed by ECAP. The
correlation between corrosion resistance and microstruc-
ture after SPD is connected with deformation mode. Sim-
ilar grain size was obtained after the application of ECAP
and HE (0.3 and 0.5 lm, respectively). Microstructure
observation using TEM indicates a similar density of dis-
locations within the grains. In turn, a different micro-
structure was observed after ET. Equiaxial, large grains
(1.5 lm) were formed after deformation. This is probably
so, since during deformation by ET the material heats up
and grain growth take place. This also resulted in reducing
the dislocation density after the deformation as a result of
intense dynamic recovery processes. This affects on cor-
rosion resistance—similar in HE and ECAP, and several
times lower after ET.
The corrosion resistance of the model Al–2.3Li alloy
appeared to depend on the presence of fine precipitation of
the d0 phase. The model Al–1.6Li alloy (with lithium in a
Fig. 8 Pits formed on the sample surface after a 48 h exposure in
3.5% NaCl
Fig. 9 Distribution of the pit surface area
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solid solution) exhibits better resistance to pitting corrosion
(as shown by the electrochemical tests and especially
demonstrated in the immersion test).
The number of pits formed in the Al–1.6Li alloy seems
to be correlated with the average grain size. It is probable
that the grain boundaries, which are here more defected,
constitute the preferred initiation sites for pits. In Al–2.3Li
the immersion test is less conclusive probably since all the
SPD methods give similar grain sizes, but the fact that the
number of pits observed in this alloy is substantially greater
indicates that their initiation is easier hear than in Al–1.6Li.
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